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ABSTRACT

This paper reports the results of numerical simulations of

steady, laminar flow over a backward-faclng step. The gov-
erning equations used in the simulations are the full "com-

pressible" Navier-Stokes equations, solutions to which were

computed by using a cell-centered, finite volume discretlza-

tion. The convection terms of the governing equations were

approximated with an accurate, hybrid flu.x-vector splitt-

ing/flux-difference splitting scheme (second order upwind

differencing). The validity and accuracy of the numerical
solutions were verified by comparing the results to existing

experimental data for flow at identical Reynolds numbers

in the same backstep geometry. The paper focuses atten-
tion on the details of the flow field near the side wall of the

geometry.

INTRODUCTION

As a frequently used model of separated flows, flow over

a backward-faclng step (backstep flow) can be considered

a fundamental or prototype flow in fluid mechanics which

should be thoroughly investigated until a complete under-

standing of the flow is achieved. Accordingly, a large num-

ber of investigations of backstep flows have been reported

over the years, both experimental and theoretical (numer-

ical). Most experimental investigations of backstep flows

have focused on turbulent flows. These investigations have

examined different aspects of backstep flows, such as heat-

transfer characteristics downstream of the step (e.g., Vo-

gel and Eaton, 1985), the effect of turbulence intensity on

the reattachment process (e.g., Isomoto and Honami, 1989),

and transient behavior of backstep flows (e.g., Tsou, et aJ.,

1991). One of the latest reported experimental studies was

done by Hasan (1992) who examined modes of instability in

the shear layer after a laminar separation. One of relatively

few investigations of laminar backstep flows was reported

by Armaly, eta/. (1983) who studied backstep flows over a

range of Reynolds numbers from lamlnar to fully turbulent

flow. They reported spanwise measurements of velocity pro-

files and reattachment lengths in addition to measurements

in the center plane of the channel. These measurements
showed that, except in the immediate neighborhood of side-

walls, the flow is two dimensional for Reynolds numbers in

the lower end of the laminar ra.uge as well as for Reynolds

numbers in the turbulent range. At intermediate Reynolds

numbers the flow was found to be three-dlmensional over

the entire width of the channel. The vast majority of exper-

imental studies have examined flows at Reynolds numbers

in the two-dimensional range with measurements taken in

the center region of the channel.
Just as the nature and objectives of experimental stud-

ies have varied widely, so have the nature and objectives of
numerical studies. Most numerical studies reported to date

have been two-dimensional and, like the experimental stud-

ies, have focused on turbulent flows. In recent years, a num-
ber of three-dimenslonal studies have been reported. Several

of these studies were large eddy simulations undertaken to
examine the structure of the turbulent flow field (Schmitt

and Prledrich, 1987; Arnal and Priedrlch, 1991; Silveira, et

aJ., 1991). Three-dimensional studies have also been under-

taken to examine instabillty waves and transition to turbu-

lence (e.g., Kaiktsls, et al. 1991). Some of the reported

numerical studies, both two- and three-dlmensional, had as

their primary objective to validate numerical codes (e.g.,

Ku, et aJ., 1989) or to test and compare the performance of

turbulence models in separated flows (e.g., Thangam and

Hut, 1991; Thangam arid Spezlale, 1992). Like the ex-

perlmental investigations_ few numerical investigations have

paid significant attention to the flow field near the sidewalls

of the backstep geometries.

The purpose of this paper is to report a three-dlmensional

numerical study of the flow field near the sidewalls in lam-

inar backstep flows. The geometry chosen for this study is



Figure 1. Backward-facing step geometry and grid sys-

tem (only every fourth grid line is plotted in the x- and

y-coordinate directions).

the same as the one used by Armaly et a2. (1983) in their ex-

perimental work. Velocity profiles and reattachment lengths

obtained in this study are compared to those measured by

Armaly and coworkers in order to verify the validity of the

present computations. The paper is organized as follows:

At the completion of this introduction, the methodology

employed in this study is described. Afterwards, results of
simulations for three different Reynolds numbers are pre-

sented and flow patterns in the neighborhood of the side-

walls are shown and discussed. The paper concludes with a

short summary.

METHODOLOGY

The governing equations used in this study are the Ucom-

pressible" Navier-Stokes equations; i.e., the continuity equa-

tion, momentum equations and the total-energy equation

(see e.g., Schlichting, 1979). Since the Much number of flow

to be modelled is low, the fluid is assumed to be a thermally

and calorically perfect gas with dynamic viscosity that is a

linear function of temperature.
Numerical solutions to the governing equations were ob-

tained by using a modified version of a computer code caned

TRAF3D (transonic-flow-3D; Arnone, et al., 1991 and 1992).

TRAF3D employs a cell-centered, finite-volume spatial dis-

cretization of the governing equations. In the modified ver-

sion of TRAF3D, the convection terms of the governing

equations are approximated by using second-order accurate

upwind differencing in conjunction with the advection up-

wind splitting method (AUSM)--a recently developed up-

wind differencing scheme for the compressible Navier-Stokes

equations (Liou and Steffen, 1991). The AUSM scheme is a

hybrid flux-vector-splitting (FVS) / flux-difference-splitting

(FDS) scheme (CoMer and van Leer, 1991). It has the sim-

plicity of FVS schemes while its accuracy has been shown to

rival or exceed that of the best FDS schemes (Liou and Stef-

fen, 1991). Diffusion terms are approximated by using stan-
dard second-order accurate difference formulas. TKAF3D

uses a four-stage Runge-Kutta time-stepping scheme to in-

tegrate the governing equations in time (Jameson, eta/.,

1981). Convergence to steady state is accelerated by using a

multi-grid technique in conjunction with local time-stepping

and implicit residual smoothing. For a detailed description

of the numerical method of solution see Arnone, et al. (1991)

In the computations of the backstep flows reported in this

paper, four types of boundary conditions were employed.

At the inlet, the incoming Riemann invariant was specified

x/s
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Figure 2. Reattachment line for the primary vortex, and

separation llne for the secondary vortex on the channel floor

(Re = 389).

corresponding to a flow of uniform static pressure and tem-

perature and a parabolic velocity profile. To mimic the side-

wall boundary layer of the incoming flow, the velocity was

gradually reduced to zero at the sidewall using a cubic pro-

file and a specified boundary layer thickness. The maximum

velocity of the incoming flow was taken to correspond to

a local Mach number of 0.1. At the outflow boundary, a

constant back-pressure was prescribed whereas density and

velocity were extrapolated. On solid wails, no-slip adiabatic

wall conditions were applied. Finally, symmetry conditions

were applied at the center of the channel since computations

were performed for only one half of the channel.

RESULTS

Results were obtained for the backward-facing step geom-

etry shown in the sketch of Fig. 1. The geometry has an

expansion ratio/-///_ = 1.94, where ]z is the channel height

up-stream of the step and // is the channel height down-

stream of the step, and an aspect ratio W/,.9 = 37.1, where

W is the width of the channel and S is the step height.

This geometry is the same as the one used by Armaiy, eta/.

(1983).

The grid system used in all computations is also shown

in Fig. 1. The figure shows the grid lines in the symme-

try plane of the channel (z = 0) and on the channel floor

(y = 0). Note, only every fourth grid line is plotted. The

grid system employed for the three-dimensional simulation

contained 65 grid points from the floor of the channel to

the ceiling, 161 grid points from the step to the outfiow

boundary located 30 step-helghts from the step, and 25 grid

points from the symmetry plane of the channel to the side-

wall. Two-dimensional computations were done on a grid

consisting of a single 161 x 65 plane. As Fig. 1 shows, grid

points were clustered near all solid surfaces and midway be-

tween the channel floor and the channel ceiling.

Numerical simulations of the flow in the backward facing

step geometry shown in Fig. 1 were computed for Reynolds
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numbers of 100 and 389 (Re = U,_=:DIv, where Usa== and

v, respectively, are the flow-speed and kinematic viscosity of

the incoming flow, and D = 2h is the hydraulic diameter of

the upstream channel). Two-dimensional simulations were

done for Re = 100, but both two- and three-dimensional

simulations were done for .Re = 389.

The quality of the numerical results can be evaluated

by comparing computed reattachment lengths and veloc-

ity profiles to the measured quantities reported by Armaly,

et M., (1983) for the same backstep geometry. The mea-

sured reattachment location for Re = 100 was reported

to be at approximately z/S = 3.3 and at approximately

z/S = 8 for Re = 389. In the experiments, the flow was

essentially two-dimensional at both these Reynolds num-

bers. The predicted reattachment length based on the two-

dimensional computations for Re = 100 was right on target,

at m/S = 3.3, whereas for Re = 389 the computed reat-

tachment length was slightly overpredicted, at x/S = 8.7--

around 10_ error. The three-dimensional computations

for Re = 389 did somewhat better, predicting the reat-

tachment at z/S ---- 8.5. Figure 2 shows the predicted

spanwlse variation in reattachment length for Re = 389.

The figure shows that the reattachment length is constant

over most of the span but starts decreasing approximately

five step-heights away from the sidewall at z/S = 18.55.

The reattachment length reaches a minimum of 5.73S at

z/S = 17.95, where it starts to increase rapidly (the rea-

sons for this behavior will be examined later). In the exper-

iments, however, the reattachment length was constant at

least up to 2.5 step-heights away from the wall (measure-

ments were not taken closer to the wall than this). This dif-

ference between the predicted and measured behavior could

be the result of a too thick incoming sidewall boundary-layer

being used in the computations. No information was given

in Armaly, eta/. (1983) about the thickness of the incoming

boundary layer. Here, a thickness corresponding to 3% of

the channel width was used.

Figures 3 to 5 show a comparison of predicted and mea-

sured profiles of x-component of velocity in the symmetry

plane of the channel. Figure 3 shows the velocity profiles for

Re = 100, whereas Fig. 4 and 5 show the velocity profiles

for Re = 389 based on the two- and three-dimensional com-

putations, respectively. The velocity profiles obtained in the

three-dlmensional simulation for Re = 389 are almost iden-
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tlcal to those obtained in the two-dimenslonal simulation.

Although some overshoot in the magnitude of the velocity

can be seen in all the simulations for both Reynolds num-

bers, the computed and measured velocity profiles compare

very well with all inflection points in the velocity profiles

properly predicted. Overall, the quality of the numerical

results is good.

Figures 6 and 7 show the flow conditions in two, constant-

z, cross-sections of the channel. Figure 6 shows a plot of the

velocity vectors in the symmetry plane of the channel. The

figure shows clearly the main recirculation zone behind the

step. Although it cannot be seen in this figure, a secondary
recirculatlon zone was obtained in the corner between the

step and the channel floor. This secondary recirculation re-

gion is responsible for the separation line plotted in Fig. 2.

Figures 7a to 7c show the velocity vectors, contours of x-

component of velocity (u), and pressure contours in a plane

located 0.005 step-heights away from the side wall. Note,

the length of the vectors in Fig. 7a has been magnified hun-

dredfold compared to that in Fig. 6, and that the broken

contours in Fig. 7b correspond to negative values of the ve-

locity component. Figures 7a and 7b reveal a large region of

reversed flow in the immediate neighborhood of the sidewall.

The presence of this reclrculatlon region can be attributed

to the pressure rise that occurs in the channel as the in-

coming flow expands and slows down. The low-momentum

fluid in the sidewall boundary layer of the incoming flow

cannot overcome this pressure gradient and the flow sepa-

rates. Downstream of the main reattachment location (at

z/S = 8.5) the flow gradually recovers. As Fig. 7b shows,
the flow recovers first midway between the channel floor and

the channel ceiling and recovers last near the floor and ceil-

ing. The reason for this behavior is the interplay between

the pressure gradient in the channel and the viscous forces

acting on the fluid. On one hand, as Fig. 7c shows, there is

an adverse pressure gradient up to about z/S = 14, with

the pressure gradient being steepest between ¢/S = 3 and

z/S = 7. On the other hand, the velocity in the core of

the channel is highest midway between the floor and ceiling

of the channel, causing relatively high sheer stresses near

the wall. Consequently, midway between the floor and the

ceiling the flow is able to overcome the pressure gradient as

early as at ¢/S = 8.5. However, closer to the floor and

the ceiling of the channel, the sheer stresses are lower so the

flow recovers later. In the corners between the sidewall on

one hand and the floor or the ceiling on the other, the flow
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cannot withstand any pressure gradient so the flow is re-

versed as long as there is an adverse pressure gradient in

the channel.

With the above discussion in mind we can now explain the

shape of the reattachment line in Fig. 2. In the main part

of the channel (i.e., between z/S = 0 and z/,., q = 13.5), the

flow is essentially two dimensional which results in constant

reattachment length. Closer to the sidewall, momentum of

the incoming fluid is lower than in the main part due to

the sidewall boundary layer. This causes the reattachment

hngth to degrease, as seen in Fig. 2. However, very dose to

the wall the adverse pressure gradient in the channel is the

primary driving force in fluid, causing reversed flow as long

as the adverse pressure gradient persists. This causes an

increase in the reattachment length very close to the wall.

At z/S = 17.95, the effects of decreasing momentum of

the incoming flow and the effects of the adverse pressure

gradient are in balance that corresponds to the minimum

reattachment length.

Figure 8 shows contours of the x-component of velocity

in constant-y cross-sections at various distances above the

channel floor. Figures 8a-8c show the velocity contours near

the channel floor, whereas Fig. 8d-Sf show the contours near

the ceiling. As before, the broken contour lines correspond

to negative values of the velocity component. These figures

show the spanwise variation in the velocity and the shape

of the region of reversed flow that was revealed in Fig. 7.

Figures 8a-8c show that a region of positive velocity exists

adjacent to the step. This region is due to the secondary

recirculation zone in the corner between the step and the

channel floor. Figures 8d-Sf show clearly the separation

bubble that is created at the sidewall due to the adverse

pressure gradient in the channel.

Figure g shows contours of the x-component of velocity

near the sidewall in cross-sections at several streamwise lo-

cations. Figure 8a shows that the incoming boundary layer

on the side wall starts to separate in the corner between

the sidewall and the ceiling of the channel. This separation

region grows in the streamwise direction and at approxi-

mately z//S = 4. (Fig. 9b) the entire boundary layer has

detached. The strength of the reversed flow continues to in-

crease in the upper corner until around z/S = 7. (Fig. 9d)

but decreases after that. In the lower corner the reversed

flow is strongest at approximately z/S = 4. (Fig. 9b) but

decreases in strength after that as the main flow in the chan-

nel reattaches to the channel floor. After z/S = 12. (Fig.

9f) the reversed flow persists only in the upper and lower

corners.
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Finally, Fig. 10 and 11 show cross-flow velocity vectors

near the sidewall at several streamwise locations. These fig-

ures reveal the existence of strong cross flow and streamwise

vortices in the corner between the sidewall and channel floor.

Figure 10b shows clearly the counter-clockwise rotating vor-

tex in the lower corner. The size of this vortex grows in the

streamwise direction as is seen in Fig. 10c to 10e. Figure

lla shows an enlarged view of the lower corner region in

Fig. 10c. This figure shows that the counter-clockwise ro-

tating vortex observed in Fig. 10b-10f gives rise to a weaker

clockwise rotating vortex deeper in the corner. Fig. llb

and llc show that this vortex persists further downstream.

The strength of the recirculatlon diminishes after x/S --- 9.

SUMMARY

A numerical investigation of three-dimensional laminar

flow over a backward-facing step has been carried out. The

investigationfocused on the the flow fieldnear the sidewalls

of the backstep geometry. The investigationrevealed a com-

plicated flow pattern near the sidewall. This complicated

flow pattern was created by interplaybetween the effectsof

the main recirculationregion behind the step, the adverse

pressure gradient that is created when the incoming flow

expands and slows down, and the low-momentum fluid in

the incoming boundary layeron the sidewall.
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